Autism spectrum conditions (ASCs) are heritable conditions characterized by impaired reciprocal social interactions, deficits in language acquisition, and repetitive and restricted behaviors and interests. In addition to more complex genetic susceptibilities, even mutation of a single gene can lead to ASC. Several such monogenic heritable ASC forms are caused by loss-of-function mutations in genes encoding regulators of synapse function in neurons, including NLGN4. We report that mice with a loss-of-function mutation in the murine NLGN4 ortholog Nlgn4, which encodes the synaptic cell adhesion protein Neuroligin-4, exhibit highly selective deficits in reciprocal social interactions and communication that are reminiscent of ASCs in humans. Our findings indicate that a protein network that regulates the maturation and function of synapses in the brain is at the core of a major ASC susceptibility pathway, and establish Neuroligin-4-deficient mice as genetic models for the exploration of the complex neurobiological disorders in ASCs.
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behavior ͉ neuroligin ͉ synaptogenesis A utism spectrum conditions (ASCs) are common heritable neurodevelopmental conditions that affect Ϸ0.6% of children. The etiology of ASCs is unknown and, because of the lack of biomarkers, they are diagnosed exclusively on the basis of behavioral criteria. Typical symptoms are social deficits, language impairments, repetitive behaviors, and restricted interests. The genetic contribution to ASCs was first recognized in family studies reporting concordance rates of 60-90% in monozygotic twins, 10% in dizygotic twins, and 5-10% in siblings (1) . In 15% of all cases, ASCs can be associated with monogenic heritable syndromes such as Rett syndrome, fragile X syndrome, tuberous sclerosis, or type 1 neurofibromatosis (2) . For nonsyndromic cases of ASCs, linkage studies and cytogenetic analyses provided evidence for many autism loci on all chromosomes (2) (3) (4) .
Recent discoveries of nonsyndromic ASCs caused by gene copy number variations (5, 6) or single gain-or loss-of-function mutations in identified genes (7) (8) (9) showed that even nonsyndromic ASCs can be monogenic heritable conditions. Several of these monogenic heritable ASC forms are caused by loss-offunction mutations in the NLGN3, NLGN4, NRXN1, or SHANK3 genes (6-9). These genes encode Neuroligin-3 (NL-3), Neuroligin-4 (NL-4), and Neurexin-1 (NX-1), which are cell adhesion proteins at nerve cell synapses, and SHANK3, which is a synaptic scaffold protein, indicating that aberrant signaling between nerve cells causes the ASC phenotype in the affected patients. Like all other NLs, NL-3 and -4 form transsynaptic contacts with presynaptically localized NXs. These NL/NX complexes regulate the formation, maturation, and function of synapses by recruiting presynaptic ion channels and signaling proteins and postsynaptic neurotransmitter receptors to nascent synapses (10) (11) (12) (13) .
We show here that mutant mice lacking the murine ortholog of human NL-4 (NL-4-KOs) exhibit highly selective deficits in reciprocal social interactions and communication reminiscent of ASCs in humans. NL-4-KOs thus represent a genetic animal model of nonsyndromic monogenic heritable ASCs.
Results

Characterization of Murine NL-4 and Generation of NL-4-KO Mice.
The full-length mouse NL-4 cDNA (GenBank accession no. EF694290) was obtained on the basis of an EST (GenBank accession no. AF242658) that we identified in BLAST searches with the human NL-4 cDNA sequence. The mouse NL-4 gene (Nlgn4) is present in an unmapped clone from the whole mouse genome assembled by Celera (NW001032912) but otherwise is absent from current mouse genome databases. The NL-4 protein sequence has all typical signatures of NLs, including the signal peptide, esterase domain, transmembrane domain, and PDZ domain-binding motif (Fig. 1) . Mouse NL-4 is most homologous to human NL-4 (57%) and NL-4Y (56%), compared with other human NLs (54% for NL-3 and 53% for NL-1 and -2).
The NL-4 protein is specifically expressed in brain and thymus [supporting information (SI) Fig. 5 A-C) . Levels in the brain are highest in hippocampus, cortex, and septum and lowest in brainstem and cerebellum (SI Fig. 5C ). During brain development, NL-4 expression increases from low levels during embryonic and early postnatal phases to reach a plateau at 3 weeks after birth when synapse formation is complete (SI Fig. 5D ). This developmental expression pattern is similar to that of NL-1, -2, and -3 (SI Fig. 5D ) and indicates that NL-4 is also a synaptic protein. This notion is supported by the observation that NL-4, like all other NLs, is enriched in synaptic membrane fractions (LP1, SPM) upon subcellular fractionation of brain homogenates (SI Fig. 5E ).
NL-4-KOs were generated by BayGenomics by using a 129P2/ OlaHsd ES-cell clone with a gene trap insertion 340 bp downstream of the first exon of Nlgn4 (SI Fig. 6A ). The insertion leads to the expression of a chimeric mRNA that contains the first coding exon of NL-4, encoding residues 1-138, in-frame with the ␤-galactosidase sequence. The resulting chimeric protein is nonfunctional, because it contains only a small fragment of the essential esterase domain that cannot bind to NXs. Mutant animals were obtained after germ-line transmission of the ES cells and genotyped by using Southern blot analysis (SI Fig. 6B ). Homozygous animals were viable and fertile and were obtained with the predicted Mendelian frequency indicative of an autosomal localization of Nlgn4. The complete lack of NL-4 expression was confirmed in Western blot analyses (SI Fig. 6C ). The absence of NL-4 did not modify the expression levels of other NLs (SI Fig. 6C ) or of a set of NL interaction partners and synaptic proteins we tested (SI Fig. 7) . The NL-4 mRNA expression pattern was analyzed in NL-4-KOs using the ␤-galactosidase expression from the gene-trap insert as readout. We found that NL-4, like all other NLs (13) , is expressed throughout the brain gray matter, with highest levels in olfactory bulb, striatum, cortex, and hippocampus (SI Fig. 7D ).
Selective Deficits of Social Interaction and Social Memory in NL-4-KOs.
Because mutations of NL-4 in humans cause ASC, we examined whether the deletion of NL-4 in mice causes specific ASC-related behavioral changes. We initially studied NL-4-KO mice and WT littermates in a battery of tests (SI Table 1 In all these assays, NL-4-KOs were indistinguishable from their WT littermates, indicating that the lack of NL-4 does not cause gross sensory deficits or generalized perturbations of behavior. In addition, NL-4-KOs did not exhibit an altered seizure propensity (SI Fig. 11 ).
Because deficits in reciprocal social interactions are a key symptom of ASCs, we next studied NL-4-KO and WT mice in behavioral paradigms designed to specifically assess social behavior. First, direct contacts between pairs of genotypically identical NL-4-KO or WT mice were analyzed in an open arena. We found that NL-4-KOs spent 45% less time in direct contact with each other than WT controls (P ϭ 0.0005; Fig. 2A) . Second, mice were tested in a tripartite arena consisting of a central compartment connected to two lateral compartments on either side, one of which contained an unfamiliar mouse in a small wire cage, whereas the other contained an identical but empty wire cage. WT mice showed a clear preference for the compartment containing the unfamiliar mouse. They spent 62% more time in and made 27% more visits to the compartment with the unfamiliar mouse compared with the compartment with the empty wire cage (P ϭ 0.0001 and P ϭ 0.04, respectively; Fig. 2 B-D) . In contrast, no such preference was observed in NL-4-KO mice. They spent equal time in and made equally frequent visits to the compartment with the unfamiliar mouse as to that with the empty wire cage, resulting in significantly different ratios of time spent in the two compartments (preference index) compared with WT controls (P ϭ 0.03; Fig. 2 B-D) . At the end of the first session, each mouse was tested in a second session to quantify social preference for a new stranger. A second, unfamiliar mouse was placed into the previously empty wire cage such that the test mouse had a choice between the first, already explored mouse and the novel unfamiliar mouse. In this setting, WT mice showed a clear preference for the compartment containing the novel unfamiliar mouse. They spent 28% more time in the compartment with the unfamiliar mouse compared with that with the familiar mouse (P ϭ 0.002; Fig. 2 E and F) . Again, no such preference was detectable with NL-4-KOs, which spent roughly equal time in the two compartments, resulting in a significantly different ratio of times spent in the two compartments (preference index) compared with WT controls (P ϭ 0.04; Fig. 2 E and  F) . Third, we investigated the behavior of NL-4-KO and WT mice in the resident-intruder paradigm. This setting can be used to study aggression of the resident related to territorial behavior. We exposed individually housed resident NL-4-KO or WT mice to an unfamiliar intruder mouse and measured the time spent by the resident until it first attacks the intruder. We found that attack latencies were 28% longer for NL-4-KO residents compared with WT controls (P ϭ 0.004; Fig. 2G ) and the proportion of individual mice attacking at all during the test period was reduced by 63% (P ϭ 0.02; Fig. 2H ). Finally, in a modified version of the resident-intruder setting using an independent cohort of mice, we focused on the correlation between resident (WT or NL-4-KO) escape and intruder approach behavior in a neutral arena. We detected a significant positive correlation between the number of intruder approaches and the number of resident escapes for WT residents (Spearman correlation, Z ϭ 3.1, P ϭ 0.002), whereas no such correlation was observed if NL-4-KOs were used as residents (Spearman correlation, Z ϭ 0.6; P ϭ 0.6) (Fig. 2I) , showing that NL-4-KOs respond atypically to the behavior of a conspecific.
The above data show that NL-4-KOs have selective deficits in reciprocal social behavior reminiscent of the changes in social interactions typically seen in ASC patients. These changes are unlikely to be due to sensory, locomotor, or memory defects, because NL-4-KOs perform normally in tests of olfactory, visual, and auditory abilities (SI Figs. 8 and 10A ), locomotor activity and coordination (SI Fig. 9 A, B, D , and E), and memory (SI Fig. 10 ).
Reduced Vocalization in NL-4-KOs. Deficits in language acquisition and communication are key symptoms of ASCs. To test whether vocal behavior is impaired in NL-4-KO mice, we recorded ultrasonic vocalizations of individual male NL-4-KO and WT mice upon contact with a female mouse in estrous (14) . In this setting, male mice produce bouts of frequency-modulated ultrasound calls of different types (Fig. 3A) . We found that the latency to start calling was 3.2 times longer in NL-4-KOs compared with WT controls (P ϭ 0.03; Fig. 3C ), and the total number of calls per session was reduced by 48% in NL-4-KO mice compared with WT controls (P ϭ 0.02; Fig. 3 B and D) . Given that the acoustic structure of the vocalizations did not differ between NL-4-KO and WT control mice (data not shown), that ventilation frequencies are normal in newborn and adult NL-4-KOs (data not shown), and that sensory deficits could be ruled out (SI Figs. 8 and 10A ), these results indicate that the NL-4-KOs are either less responsive to the social stimuli eliciting the calling or are otherwise inhibited in their propensity to communicate. 
Reduced Brain Volume in NL-4-KOs.
A consistent finding in histopathological and structural imaging studies on children with ASCs is an increase in brain volume. However, no such alterations are reliably detectable in adult ASC patients or in patients with NLGN4 mutations (8) . In addition, analyses of individual brain regions of ASC patients provided suggestive evidence of neuronal loss in cerebellum, thickened frontal cortices, decreased corpus callosum volume, reduced brainstem size, and other less well characterized morphological alterations (15) . To test whether related changes occur upon deletion of NL-4 in mice, we analyzed the volume of the whole brain and selected brain regions in NL-4-KO and WT mice by MRI volumetry (Fig.  4A) . We observed small but significant reductions in the volume of the total brain (1.5% reduction, P ϭ 0.004), cerebellum (4.1% reduction, P ϭ 0.0005), and brainstem (3.8% reduction, P ϭ 0.01) in NL-4-KOs compared with WT controls, whereas ventricular volumes were similar in the two genotypes (Fig. 4 B-E) . These findings are compatible with a selective loss of gray matter in the altered brain regions of NL-4-KOs and congruent with data obtained in adult ASC patients.
Discussion
Loss-of-function mutations in the human NLGN4 gene can cause monogenic heritable autism or Asperger syndrome (8, 9) and mental retardation (9) . The present study shows that an analogous loss-of-function mutation in the orthologous mouse Nlgn4 gene leads to a selective perturbation of social behavior and vocalization. Adult male NL-4-KO mice exhibit a reduced interest in conspecific mice (Fig. 2) and reduced ultrasonic vocalization upon contact with a female (Fig. 3) , whereas sensory ability, locomotor and exploratory activity, anxiety behavior, and learning and memory are not detectably altered. Thus, NL-4-KOs specifically and selectively mimic two of the three cardinal symptoms of ASCs in humans, i.e., reduced or aberrant social interactions and impaired communication. In addition, we detected reductions in the brain size of adult NL-4-KOs (Fig. 4 ) that corroborate reports of reduced brain size in adult ASC patients (15) . These observations establish the NL-4-KO as a genetic animal model of monogenic heritable ASC. We did not detect abnormal repetitive behavior patterns in NL-4-KO mice, which are typically observed in human ASC patients, indicating that NL-4-KOs do not model all characteristic ASC symptoms. This is not unexpected, because not all human ASC patients with NL-4 mutations exhibit repetitive behavior patterns (8) , and many of the more nuanced aspects of ASCs are difficult or even impossible to assess in animal models.
In the past, all reports on genetic mouse models of ASCs except one were related to syndromic human genetic diseases frequently associated with ASCs, including Rett syndrome, fragile X syndrome, tuberous sclerosis, and neurofibromatosis type 1. The corresponding mouse models with mutations in MeCP2, FMR1, TSC1/TSC2, or NF1 exhibit certain behavioral and morphological changes that are reminiscent of ASCs (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . The same is true for mice in which a limited number of cortical and hippocampal neurons lack the lipid phosphatase PTEN (26) , which is functionally linked to TSC2 and mutated in some individuals with ASC (27, 28) . Animal models designed to mimic the contribution of environmental factors such as certain viral infections or drugs to ASCs are less well defined. This is mainly due to pleiotropic effects of the corresponding treatments, for example, in a valproic acid rat model of autism (29) . The key disadvantage of the syndromic and environmental animal models of ASCs mentioned above is that ASC-related phenotypic changes are invariably associated with multiple additional neurological and behavioral changes not typically seen in ASCs. The same applies to the corresponding human conditions, which are not even always associated with ASC features. In contrast, patients lacking NL-4 have rather specific ASC symptoms without overt or complex comorbidity (8) , and NL-4-KOs exhibit highly selective ASC-like behavioral deficits (Figs. 2 and 3) and only very mild morphological changes in brain size congruent with respective changes seen in many adult ASC patients (Fig. 4) , but otherwise no alterations in brain cytoarchitecture (data not shown) or behavior (SI Figs. 8-11 ). Thus, in terms of ASC specificity, the NL-4-KO model is an ideal tool for further studies on the biological basis of ASCs. Our data on mutant mice show that the Nlgn4 mutation alone, without the contribution of confounding external factors, causes ASCrelated symptoms in mice, and the same is likely to be the case in human ASC patients with NLGN4 mutations.
Very recently, the phenotype of NL-3 mutant mice carrying a mutation implicated in monogenic heritable autism (R451C; ref. 8) was described (30) . NL-3 R451C mice exhibit deficits in social interaction that are similar to but less selective than the behavioral phenotype of NL-4-KO described here (Fig. 2 A-F) , as NL-3 R451C mice also exhibit other behavioral changes such as enhanced spatial learning, which is not seen in NL-4-KOs and could indirectly affect social behavior. Aggressive behavior and vocalization, which are specifically perturbed in NL-4-KOs (Figs. 2 G-I and 3) , were not tested in NL-3 R451C mutant mice. The behavioral changes in NL-3 R451C mutant mice are associated with a selective increase in inhibitory synaptic transmission, indicating that a perturbation of synaptic function may contribute to the behavioral deficits seen in these mice.
Currently, no efficient therapies for ASCs are available. However, the fact that neurological symptoms in mutant mouse models of Rett and fragile X syndrome can be reversed (31, 32) indicates that ASC-related conditions might ultimately be curable. Whether the NL-4-KO model described here or the NL-3 R451C model described earlier (30) are of general relevance for ASCs in humans and can thus be used systematically for the development of novel diagnostic and therapeutic strategies cannot yet be decided. Mutations in NLGN genes are rare among ASC patients (33) (34) (35) (36) and, in several of the identified monogenic heritable ASC cases, the genes involved cannot be linked directly to NL function (5, 6) . However, the fact that not only mutations of NLGN4 or NLGN3 but also mutations of NRXN1 or SHANK3 can cause monogenic heritable ASCs indicates that a protein network that regulates the maturation and function of synapses in the brain is at the core of a major ASC susceptibility pathway, which can be studied with unique specificity using the NL-4-KO described here.
NLs and NXs are cell adhesion proteins. They form a transsynaptic adhesion system that is responsible for the recruitment of presynaptic Ca 2ϩ -channels and postsynaptic receptors to maturing synapses in vivo (12, 13) . SHANK3 is a postsynaptic scaffold protein that plays a role in the formation of glutamatergic postsynaptic spines and serves as a linker between postsynaptic receptors and components of the cytoskeleton (37) (38) (39) (40) (41) . The simultaneous deletion of all ␣-NXs or the triple deletion of NL-1, -2, and -3 cause profound deficits in synaptic transmission (12, 13) . Deletion of NL-3 alone causes a partial deficit in glutamatergic synaptic transmission in the brainstem (13) , and the same is true for the deletion of NL-1 (42), whereas NL-2 function is required selectively for GABAergic synaptic transmission in vivo (13, 42) . The phenotypic consequences of NL-4 deletion have not yet been studied in detail, but preliminary data indicate a selective deficit in glutamatergic synaptic transmission after NL-4 loss (data not shown). Based on these findings, and in view of the selective increase of inhibitory synaptic transmission in NL-3 R451C mutant mice (30) and that several other ASC susceptibility genes are directly related to glutamatergic or general synaptic transmission (3, 5-9, 43), we support the notion that ASCs are ultimately disorders of synapses, i.e., synaptopathies.
In light of the present findings, future studies on ASCs should include the modulation of synaptic function as a possible focus for functional analyses and the development of new therapeutic strategies. The NL-4-KO mice described here, which exhibit a more selective ASC-like phenotype than the NL-3 R451C mice (30) and genetically model the most frequently observed monogenic heritable forms of ASCs in humans (8, 9) , can serve as useful tools in this context. In addition, the NL-4-KO model can be used to assess the role of environmental risk factors or preventive measures in the etiology of ASCs by determining the consequences of presumed deleterious (e.g., stress, deprivation, drugs) or beneficial measures (e.g., enriched environment, late weaning) on the development of ASC-like behavioral changes in the mutant mice. 
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